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1.1 Brief history of PIXE method 
 
Particle Induced X-ray Emission also known as PIXE is an ion beam analysis (IBA) 
technique. IBA techniques can probe samples non-destructively. The advantage of 
using IBA methods is that they are non-invasive. They can provide information about 
the elemental depth distribution, elemental composition and surface properties of the 
sample. PIXE is an economic, relatively simple, non-destructive and powerful 
analytical technique and several tens of micrograms (μg) of sample is enough for PIXE 
experiments(Johansson, 1989). This method can be used to analyze a huge variety of 
materials, namely pottery and painting, biological tissue, aerosols, wood, water, 
etc.(Romo-Kröger, 2010) This analysis technique involves exciting the atoms of the 
specimen with the ion beam of protons, heavy ions or alpha particles and a means of 
detecting the characteristics X-rays emitted by the target atoms, as they get de-excited. 
In a typical PIXE spectrum, the area of the characteristic X-ray peaks is related directly 
to the concentration of the different elements in the specimen. 
In the 1950s, accelerators started to be utilized in the nuclear physics research. These 
accelerators provided a high intense beam of protons or even heavier ions suitable for 
PIXE analysis. Prior to the use of accelerators, electrons were used as projectiles in 
early PIXE technique. In 1912, James Chadwick made the first observation of ion-
induced X-rays using heavier particles(Chadwick, 1912). Chadwick used α-particles 
from radioactive sources as projectiles. Alpha particles are emitted during a form of 
radioactive decay called alpha-decay. They are composite particles consisting of two 
protons and two neutrons tightly bound together. Later, vast majority of research started 
using proton as the exciting projectile rather than heavier ions, as they did not show any 
significant systematic advantage. In addition, ions heavier than helium lead to the 
deterioration of spectrum quality and possibly damage the sample. The X-ray 
background hinders emission of X-ray from the cross section of the sample. Due to this 
lots of research were done to get the information about the role of particle’s atomic 
number and energy in the production of X-rays and the ways to suppress these 
background X-rays that are augmenting the statistical errors in the X-ray emission 
spectrum. Theoretically, bremsstrahlung photon intensity for heavy ions are much 
smaller than for lighter particles such as electrons, due to much smaller deceleration 
experienced by the ions than for the electrons (Birks et al., 1964). In proton beam the 
main component of bremsstrahlung was from secondary electrons. Further, capability 
of simultaneous analysis of many elements, high data accumulation are some 
advantages of protons over electrons. 
Prior to the late 1960s, the main detection option was wavelength-dispersive 
spectroscopy that could detect only one X-ray line, and therefore one element was 
analyzed at a time. In the latter part of the 1960s Si (Li) detectors were developed. This 
stimulated the progress of energy-dispersive spectroscopy using the techniques of 
multi-channel pulse-height analysis.  
In 1970, Johansson et al. (T.B. Johansson, R. Akselsson, 1970), at the Lund Institute of 
Technology first introduced PIXE in a brief exploratory publication. Experimentally, 
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they showed that it was possible to do multi-elemental analysis at 1012g level using 




1.2 Heavy ion Induced X-ray Emission (HIXE) 
 
At the beginning, the vast majority of work used PIXE with protons as an impinging 
particle almost exclusively. As emphasized by Lapicki (Lapicki, 2005), currently the 
interest of major researches has shifted to heavy ions.  This displacement is due to the 
concurrence of various phenomena in atomic and nuclear physics like the shifting 
interest of nuclear physics towards machines with higher energy, greater upturn of 
knowledge of ion-atom collision physics, and the significant development of the theory 
of the inner-shell ionization in ion-atom collisions. Additionally, use of other heavy 
ions based analysis method like Elastic recoil detection analysis (ERDA), MeV-
Secondary ion mass spectrometry (SIMS) etc. led to use of PIXE to heavy ions for 
simultaneous measurement along several techniques. 
 
Figure 1: Target impinging of MeV heavy ions((University of Helsinki), 2017) 
 
In Heavy ion Induced X-ray Emission (HIXE) method, instead of using protons as the 
bombarding particles heavy ions like 7Li, 12C, 16O, 28Si, 127I are used as the projectile. 
Cross section values for the heavy ions are high in comparison to protons, which means 
the bigger the mass of the projectile, bigger will be the ionization cross section. In 
addition, heavy ions are feasible to produce in modern accelerators. High-energy heavy 
ions can penetrate more deeply in the matter resulting in more precise and detail 
measurement of the sample. 
More promising consideration for the use of heavy ions was, much higher satellites 
lines were yielded with heavy ions than that of protons with the use of silicon 
bombardment(Mokuno et al., 1998). As a result of multiple ionization, intense satellite 
peaks are produced. As the energy spacing of the satellite peaks are too small hence, 
poor energy resolution, heavy ion bombardment is considered to increase the sensitivity 
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Thus, ideal analytical conditions can be obtained with the accurate cull of the projectiles 
with their respective energies and hale perspective of the physical process prompting 
PIXE and HIXE. 
 
2 Purpose of study 
 
Due to the continual improvement of theoretical models and abundant experimental 
researches, light ion PIXE (Particle Induced X-ray Emission) has shown great progress 
over the years. Unlike HIXE (Heavy ion Induced X-ray Emission), a rich database of 
experimental data can be largely available for the light ion PIXE.  
The purpose of this study is to create a standard method to measure X-ray production 
cross- section using HIXE analysis method. Most importantly, this study produces 
experimental cross section data, and compares it data from theoretical method. 
Experimental set up and methods for the analysis are included in the measurement part. 
Experimental data from the Elastic recoil detection analysis (ERDA) from the lab work 
was used for the analysis of the X-ray production cross section. 
3 Theory 
3.1 Characteristic x-rays 
 
When an atom is impinged by ions, which are moving with the velocity higher than the 
orbital velocity of the electrons in the target atom, the direct Coulomb interaction occurs 
between the accelerated ions and the electrons in the atomic shell resulting in the 
ionization. The ionization cross-section depends on the atomic number of the projectile 
and on its energy, which are essentials for the use of PIXE and HIXE as the multi-
elemental analysis method. 
As a result, characteristic x-rays are emitted when the electrons thus excited by the ions 
de-excites. The Coulomb interaction between the bombarding particle forces out the 
inner shell electrons thus, creating a vacancy in the inner shell. An outer shell electron 
from higher orbital fills the vacancy. In this transition process, characteristics x-rays 
are emitted as a result of the energy difference between the shells.  Energy levels of 
each element is different, so these characteristics x-rays help to determine the atom of 
the element. The binding energy of the electrons in the inner shell is higher than 
electrons from the outer shell. 
Energy of the emitted x-rays is given by: 
  




   
Where EI is the binding energy of the electron in the inner shell and EO is the binding 







Figure 2: Characteristics x-rays in PIXE method 
 
The x-rays spectra emitted by electrons jumping from higher shells to K-shell to fill the 
vacancies of atoms are called K-lines as shown in the figure 2. Similarly, spectra 
emitted when outer shell electrons fall to L-shell is called L-lines and so on. As the 
energy gap between electron shells of every element is different, therefore K-line for 
every element are different from one another. X-rays originated from this process are 
called characteristic x-rays. 
The energy of the x-rays can be transferred to one of the outer shell electrons, instead 
of emitting the redundant energy in the form of x-rays. If this energy is more than the 
binding energy of the electron, this electron gets ejected from the orbit of the atom. 
This electron is called Auger electron. 
For heavier ions the process of x-rays emission is quite similar, except  
In case of heavier ions, depending on their velocity ionization might occurs from an 
electron promotion mechanism. As the projectile move closer to the target atoms, 
transient molecular orbitals are formed during the collision. For very close distances of 
approach of the two nuclei, these quasi-molecular orbitals go over to the orbitals of the 
quasi-atom corresponding to the sum of the two nuclei. During this process electrons 
may be promoted from the inner shells to outer shells leaving vacancies after the atoms 
have receded. The filling of these vacancies by outer shell electrons leads to the 
emission of characteristic X-rays, either of the target atom or of the projectile. 
3.2 Non-characteristic x-rays 
 
When the energetic ions bombard the target, various physical phenomena occur that 
lead to the production of non-characteristic radiation. This radiation appears in the 
spectra in the form of continuous backgrounds or enlarged humps.  The background in 
the x-ray spectrum hinders the relevant x-ray counts emitting from the target atom and 
 
 10 
increase the chance of statistical errors. In the low energy PIXE method, sources of the 
background radiation are atomic bremsstrahlung (AB), secondary electron 
bremsstrahlung (SEB), quasi free-electron bremsstrahlung (QFAB), and nucleus-
nucleus bremsstrahlung (NNB). 
 
3.2.1 Atomic bremsstrahlung 
 
During the projectile-target interaction, the target electron is excited to a continuum 
state, when the electron drops to a lower state it radiates photons with spectra. These 
spectra are the atomic bremsstrahlung (AB).  These spectra are continuum as the 
emitted photons are drop from different depths in the material losing energy. The 
energy loss of the photons depends on the depths level of the material and hence the 
continuum spectrum. These spectra are the dominating spectral range.  We can obtain 
equation for atomic Bremsstrahlung cross-section by using PWBA theory and 
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Where ℏ𝜔	is the energy of the photon, 𝑎2 is the Bohr atomic radius, α is the fine- 
structure constant, Zp is projectile’s atomic number, ZT is target’s atomic number, c is 
the speed of light in vacuum, 𝜐8  is the velocity of the projectile, θL is photon emission 
angle with respect to the incident projectile direction and ZpS(ZT,q)|2 is given in (Ishii 










3.2.2 Secondary electron bremsstrahlung 
 
The electron in the target atom gets ionized due to the binary collision with the 
projectile. Electron thus released emits photon upon scattering in the field of a second 
nearby target nucleus. This process is called Secondary electron bremsstrahlung (SEB). 
The maximum kinetic energy of the ionized electron determines the maximum photon 




Figure 4: Schematic of Secondary electron bremsstrahlung (1), T1 and T2 are the targets 
The cross-section of secondary electron bremsstrahlung (SEB) can be obtained by using 
BEA theory for the electron ejection cross-sections, PWBA equation for electron 












(ℏ𝜔)3 (𝐶Y + 𝐶3𝑠𝑖𝑛
3𝜃N) 
                                                                                                                                                     
(3) 
Where 𝐶Y	and 𝐶3 are given in (Yamadera et al., 1981). Secondary electron 
bremsstrahlung can be characterized by (Murozono et al., 1999) : 
𝑇[ = 2𝑚#𝑉]3 
                                                                                                                                                  
(4) 
Where VP is projectile’s velocity and Tm is the maximum energy which the projectile 
can transfer to a free electron at rest. Above Tm, the intensity of secondary electron 
bremsstrahlung decreases very quickly. This happens because there are many more free 
and outer-shell electrons than inner-shell electrons and the bremsstrahlung energy 
higher than Tm is produced by the target atom’s ejected inner-shell electrons.  
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3.2.3 Quasi-free electron bremsstrahlung 
 
When the velocity of the projectile is much higher than the velocity if the electron in 
the orbit of the atom, Quasi-free electron bremsstrahlung (QFEB) dominates. This 
process occurs when the target electron scatters in the Coulomb field of the projectile. 
 
 
Figure 5: Schematic of QFEB (1) 
The equation for the cross section of quasi-free electron bremsstrahlung (Yamadera et 





















3𝜃 − 1)] 
                                                                                                                                                       
(5) 
Where 𝑁b is the number of electrons of the target atom and 𝑝3 = 1 − ℏ𝜔 𝑇cm . 







                                                                                                                                                       
(6) 








3.2.4 Nucleus-nucleus bremsstrahlung 
 
Nucleus-nucleus bremsstrahlung (NNB) results due to the deceleration of the projectile 
in the field of the target nuclei.  Due to this deceleration factor, the intensity is much 
less for the massive projectile. 
 
Figure 6: Schematic of NNB (1) 
 
3.3 HI-ERDA and HIXE  
 
Elastic recoil detection analysis (ERDA) is a suitable technique for thin films 
characterization, determining the elemental depth profiles and sample composition. 
Heavy Ion elastic recoil detection analysis (HI-ERDA), uses a wide variety of ion 
beams along with different energies which had led to the significant improvement over 
traditional ERDA. HI-ERDA equipped with an element or mass sensitive detector is 
used to identify the recoiled sample atoms and scattered incident ions. In HI-ERDA, all 
elements present in a sample can be separately detected and analyzed along with their 
respective depth profiles which can be simultaneously generated from energy spectra 
using an iterative process. By using various types of Time of Flight (TOF) and gas 
ionization detector such as Bragg detector and ∆𝐸 − 𝐸 types detector, different 
elements can be separated by either their nuclear charge or by their mass. But, the mass 
separation for heavy elements are quite poor which is one of the limitations of using a 
low beam energy. This is where the use of HIXE can be beneficial comparatively. Ions 
of different atoms have different amounts of electric charge, and the more highly 
charged ones are accelerated most, so the ions separate out according to the amount of 
charge they have. HIXE can be measured simultaneous with the HI-ERDA. 
Additionally, HIXE can provide better concentration ratio of heavy components 
((University of Helsinki), 2017). Figure 7 shows signals generated by different masses 
lying on different and discrete curves which makes it easier to identify and analyze each 





Figure 7: Au on Si using 35MeV 126.9 I beam Time of flight vs energy histogram of the raw data 
 
 
Figure 8: Elemental depth profiles 
 
3.4 X-ray production Cross section 
 
The effective area on the target atom presented to the incident projectile is called the 
Cross-section. The reaction probability produce in the target atom depends on the cross-
section. When the charged particle incident on the target atom, the spectra thus 
produced due to the ionization depends on the probability cross section to create a 
vacancy in the definite electronic orbital in the target atom. The ionization cross-section 
depends on the target atom, the type, charge state and energy of the projectile ion. 
Energy loss Coulomb-deflection effects; perturbed-stationary-state approximation, 
with relative correction theories (ECPSRR) is the best theory to calculate the cross-
sections for K-shell vacancy produced due to the interaction of the heavy-ion projectile 
and stationary target atom. ECPSRR theory is based on the Plane-wave Born 
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approximation (PWBA). Unlike PWBA, ECPSSR also takes into account the Coulomb 
deflection of the projectile, target atom recoil, increase in the binding of the target K-
shell electrons due to the projectile nuclear charge and electron polarization in the target 
atom (Watson, no date). The main favor for the use of heavy ions in PIXE is the 
probability of the ionization cross section is higher for bigger projectile ions. Hence, 
more precise and sensitive results can be obtained from HIXE. 
 
3.5 Theoretical models 
 
PWBA (plane wave born approximation) and ECPSSR (a corrected model of PWBA 
model incorporating corrective effects) are the two theoretical models used in the 
experiment for the comparison. 
 
3.5.1 The PWBA model 
  
PWBA is one of the most fundamental approaches utilized in calculations of electron-
impact total-ionization cross-sections of atoms. The difference between various 
calculation methods utilizing the PWBA is mainly in a choice of quality of orbitals used 
to model the target and residual ion wavefunctions. In this model, the incident ion is 
described before and after collision by plane wave functions based on the following 
condition 
 
𝑍Y𝜐2 ≪ 	𝜐Y ≤ 	 𝜐3, 
            (7)  
where Z1, 𝜐Y are the atomic number and the velocity of the incident particle, 
respectively, 𝜐3 the orbital electron velocity and 𝜐2 is the Bohr velocity. 
 










          (8) 
 
where [𝜓t|𝑉|𝜓s] is the transition matrix element, 𝑉st,			|𝜓t] and |𝜓s] are the initial and 
the final wave vectors of the projectile-orbital electron system. 
 










where Zeff = (Z - c) is the effective charge of the atomic shell, c = 0.3 for the K and L1 
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with 𝐹(𝑞) = 	∫𝜒s∗(𝑟3)𝑒t⃗ .c⃗𝜒t(𝑟3)𝑑𝑟3,	and 𝜒t(𝑟3), 𝜒s(𝑟3) are non-relativistic wave 
functions of atomic electrons and 𝜒t∗(𝑟3)𝑒𝑡𝜒s∗(𝑟3) are the complex conjugates of the 
wave functions, Q = (as, qs)2, as and qs are the radius of the atomic shell and the 
transferred momentum relative to the atom shell s, respectively (Hansteen et al., 2017). 
 
3.5.2 The ECPSSR model 
 
The ECPSSR model was proposed by Brandt and Lapicki (Lapicki et al., 1981). They 
modified the PWBA model by incorporating polarization and binding effects in the PSS 
(perturbed stationary state approximation) and including relativistic (R), energy loss 
(E), and coulomb deflection (C) effects in it and referred as the ECPSSR theory 
(Lapicki and Losonsky, 1979). It reduced the disagreement between experiment and 
theory but only for the K shell and for light projectiles. In the case of L-shell ionization, 
the deviations from the theory have been observed in the low ion velocity range. When 
the collision energy decreases the discrepancy between these simple theories and 
experiments becomes significant and modifications should be made. Further, at lower 
energies, a refinement has been made in ECPSSR theory which is entitled as “united 




          (12) 
 
where 𝐶𝑑𝑞2 is the coulombian deflection term, 𝐹(𝑍) is the energy loss correction 
factor(Brandt and Lapicki, 1981), 𝑚(𝜉)𝜂 and 𝜁𝜗 represents the relativistic and the 
binding energy corrections(Brandt and Lapicki, 1979b), respectively, where 
 




          (13) 
is the binding energy correction factor and, 
 





is the relativistic mass(Lapicki, Laubert and Brandt, 1980). 
Hence, the X-ray production cross-section for K-shell is written as 
 
𝜎  = 𝜎t𝜔, 
          (15) 
where w is the fluorescence yield factor. 
 
Since the early 1970s the ionization of K-, L- and M-shell electrons by heavy charged 
particles has been intensively studied in asymmetric collisions where the projectile is 
lighter than the target (Z1≪Z2). All of these studies have led to the satisfactory 
understanding of fundamental process, particularly for light projectiles and K-shell 
using basic approaches and principles of PWBA and semi-classical approximation 
(SCA). Due to much stronger perturbation of target electrons by the increased Coulomb 




Basic ECPSSR theory modified the PWBA model and reduced the disagreement 
between the theory and experiment. But the agreement holds only for the K-shell and 
for light projectiles and starts to deviate for L-shell ionization in the low projectile 
velocity range. Significant discrepancy between these simple theories were seen as the 
velocity of the projectile decreases. ECPSSR-UA (ECPSSR-United Atom 
approximation) is a refinement done to overcome this discrepancy at low energies 
which corrects the unphysical behaviour of atomic level binding energy in ECPSSR 
theory using the procedure suggested by (Cipolla, 2007) and termed it as ECPSSRUA 
which implies the UA effect increases rapidly with the decrease in the proton energy. 
But this refinement also gave erratic results when the experimental data were compared 
with the theoretical predictions.  
3.5.2.2 ECPSSR-MI 
 
During the collisions of atoms with ions, simultaneous ejection of several electrons 
occurs due to the strong Coulomb field of the projectile. This effect is called as the 
multiple ionization (Manpuneet Kaur, Harsh Mohan, Arvind K. Jain, Parjit S. Singh, 
2017). The collision process leads to the creation of multiple vacancies in the outer 
shells. These vacancies act as spectators and may not filled prior to the radiative filling 
of inner-shell vacancy. As a result, reduction of the screening of nuclear charge takes 
place which give rise to increase of the binding energy of all energy levels. Thereupon, 
both width and position of the emitted x-rays from multiple ionized atoms gets shifted 
considerably. This effect also ensues in the increase of Fluorescence yields which 
decreases as the velocity of the projectile goes down. Multiple ionization of incoming 
ions strongly affects the factors required for the extraction of cross-section namely 
Fluorescence and Coster-Kronig yields. Hence, multiple ionization effect has been 
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included in the ECPSSR theory so as to meet the necessity to refine and improve the 
cross-section calculation. One way to decrease the probability of multiple ionization is 
to increase the target atomic number as binding energies of the outer-shell electrons 
increases with the increasing atomic number. 
3.5.2.3 ECPSSR-IS 
 
Several anomalies were found in the L-shell ionization using heavy projectile ions. 
Large deviation was found between the measured cross-section values and the 
predictions of the first-order ionization theories. An idea of the vacancy rearrangement 
(Mukoyama and Sarkadi, 1981) was introduced as an attempt to account for all these 
discrepancies. Accordingly, this idea implies that at relatively small velocity of the 
projectile with heavy ion target a redistribution of the vacancies may take place between 
the subshells. In other word, the vacancy produced by the direct ionization in one of the 
L subshells may transfer to another subshell with a considerable probability as a result 
of a secondary interaction between the projectile and the target electrons. Possible 
interference effects were neglected during the coupling between the L-substates, as they 
were described by transition probabilities instead of transition amplitude. Hence, more 
refined approaches were worked out based on second order Born approximation and 
the coupled channel formalism in ECPSSR- Intra-subshell coupling (ECPSSR-IS). 
3.6 Determination of cross-section 
 
The cross-section measurements were performed for the elements Au, W, Ti, Ta, Zn, 
Ru, Nb and Cu. Iodine with 15MeV, 30MeV, 35MeV, 40MeV and 45MeV energies 
were used as incident beam. In this experiment the X-ray production cross section was 
determined using two different formulae. One with the target thickness and the other 
independent of the target thickness and beam fluence normalized to ERDA. For 15MeV 
beam energy and some elements under 35MeV beam energy, the X-ray production 






          (16) 
where  𝜎¡ is the X-ray production cross-section, 𝑌¡ = (la+ lb) or (ka+ kb) is the sum of 
the measured x-ray yields for l-alpha and l-beta or k-alpha and k-beta depending on the 
elements. 𝜖 is the efficiency of the detector, which was taken as 1. 𝑛 = ^
£
 is the number 
of electrons, Q is total charge and 𝑞# is charge on each electron. 𝑁¡ is the target 
thickness calculated from ERDA data. 












          (17) 
where 𝑌¡¤, 𝑌¡¥ are the measured l-alpha, l-beta or k-alpha, k-beta x-ray yields,  ΩU¦ =
0.19 ∗ 10©ª𝑠𝑡𝑟 is the charged particle solid angle,  𝑌T is the measured recoil or 
scattering yield at laboratory angle 40o, «¬
«­
 is the Rutherford differential cross-section 










          (18) 
where  𝑍Y, 𝑍3 are the atomic number, 𝑚Y,𝑚3 are the atomic mass of the elements, 𝐸Y 
is the beam energy, 𝜃 is the scattering angle, 𝛼 ≈ Y
Yª¯
 is the dimensionless fine structure 
constant, ℏ𝑐 ≈ 197	𝑀𝑒𝑉. 𝑓𝑚. The Rutherford differential cross-section for scatterings 







          (19) 
In case, where the beam is much heavier than the target for example I on Cu, beam is 
not scattered to an angle of 40o. The maximum angle for scattered beam in ERDA, is 
called critical angle and it is equal to 𝜃max = asin	(𝑚2/𝑚1).	So, equation (19), gives 





PIXE and HIXE both have high sensitivities for the analysis of trace elements. Other 
matrix effects like particle stopping power, or particle energy loss per unit distance of 
penetration in the sample are some factors that affect the sensitivity of these analyses. 
Both characteristic and non-characteristic radiation from the background generation 
influence the sensitivity of the analysis. If the electron binding energy of the target atom 
is below the incident projectile, a high sensitivity will be obtained.  
3.8 Quantitative measurement 
3.8.1 Counts 
Concentration of the element in the sample can be obtained from PIXE spectra using 
the formula(Johansson, 1989):  
𝑑𝑁	 = 	𝐴(𝑠)𝑛(𝑠)𝜎𝜔𝑘𝛺𝑇	𝜀𝑑𝑆	 
          (21) 
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Where dN is the number of counts from the number of atoms A(s). n(s) is the number 
of protons going through the surface element dS. σ and ω are the cross section for 
ionization and the fluorescent yield respectively, k is the probability for relative 
transition for the x-ray transition used in experiments. Ω is the solid angle. ε is 
detector’s efficiency. T is transmission through irradiation chamber window. It also 
includes absorption by absorber, if one is used, and sample’s self-absorption.  
Integrating the (7) gives the total number of counts N in specific peak. If the beam 
density distribution is uniform, n(s) is taken to be constant. So, by integrating A(s) over 
the whole surface, total number of counts is:  
𝑁	 = 	𝐴𝑛𝜎𝜔𝑘𝛺𝑡𝜀	 
          (22) 
Where A is the total number of atoms of an element in a sample. Experimentally, by 
fitting certain polynomial background model to spectrum and Gaussian to each peak 
the values of N for each peak can be obtained by using software. 
The composition of inhomogeneous sample can be known with the help of standard 
sample of known composition by irradiating them both in similar conditions and 
normalizing the sample’s peak areas with the peak areas of the standard sample.  
 
3.8.2 Target Thickness 
 
If the scattering angle q and the solid angle W are well defined by the instruments and 
the 𝜎 scattering cross-section can be calculated using equation (18) or (19), the number 
of target atoms per unit area is given by 
 
 
𝐴 = 	𝜎Ω𝑄𝑁𝑡 
          (23) 
 
where Q is the total number of incident particles, A is the number of detected particles 
Nt is the number of target atoms per unit area. Table 1(a) and 1(b) below shows some 












Table: 1(a) Own samples 
 TiO2 CuO Ta2O5 WNx 
 1E 15at/cm2 1E 15at/cm2 1E 15at/cm2 1E 15at/cm2 
Metal 341.2 213.4 409.1 137.7 
O 684.7 211 1129.5 69.3 
N    145.5 
C 6.9 0.8 22.3 43.6 
H 18.6 5.6 63.5 47.6 
((University of Helsinki), 2017) 
 
Table: 1(b) CRP shared samples, ~20nm 
 TiN ZnO NbO2 RuO2 Ta2O5 
 1E 15at/cm2 1E 15at/cm2 1E 15at/cm2 1E 15at/cm2 1E 15at/cm2 
Metal 138 217 88 67 50.6 
O 16.7 225 232 76 150.3 
N 144     
H 4.4 2.3 76 3.7 48 
((University of Helsinki), 2017) 
 
4 Measurement setup and methods 
4.1 Accelerator 
In the laboratory, PIXE experiments are carried out with 5MV tandem accelerator in 
the beam line 3. There is also 500 kV KIIA ion implanter in the laboratory. A layout of 
the main accelerators in the laboratory is shown in the figure 9. All the main 
components of the accelerator system related to the PIXE and HIXE measurements, 





Figure 9: layout of the main accelerator laboratory 
 
 




4.1.1 Ion source 
Cesium vapor is injected from the cesium oven into an enclosed area between the 
cooled cathode connected to the negative high voltage potential and hot ionizing 
surface. Some of the Cs gets ionized by the ionizing surface and some gets condensed 
on the front of the cathode. Ionized cesium accelerates towards the cathode and is 
focused on the front face of the cathode causing sputtering of particles. These particles 
go through the condensed cesium layers. Hence, negative ions are accelerated from the 
cathode surface.(Ion Beam Sources Archives - National Electrostatics Corp.) 
4.1.2 Acceleration 
 
Injection magnet directs the negative ions produced from the ion source to the 
accelerator. TAMIA 5MV tandem Van De Graaff- accelerator EGP-10-II was used for 
the irradiation experiments. The accelerator uses two stage tandem acceleration and 
Van De Graaff generator to get desired energy ions. A few kilovolt dc power supply is 
connected to a brush of metal wires in the Van De Graaff generator. The conveyor belt 
carries the corona discharge generated between the belt and wires to the high voltage 
terminal. The negative ions from the ion source gets accelerated when they move 
towards the positive high voltage terminal, this process occurs in tandem accelerator. 
The second stage of acceleration begins when electrons from the negative ions are 
stripped off, repelling the positive proton beam by the positive high voltage terminal, 
this process occurs in gas stripping canal(Gove, 1969). The accelerator used for the 
measurement is located in accelerator laboratory of the University of Helsinki’s faculty 
of science, division of material physics Kumpula, Helsinki.  
4.1.3 Beam 
 
Beam Profile Monitor (BPM), measures the beam current and analyzing magnets led 
the beam to the beam line. These experiments were carried out in vacuum and the beam 
line was TOF-ERDA beam line. 15MeV-45MeV 126.9I beam was provided for the 
experiments from the accelerator. 
4.1.4 Target 
 
Targets used in the experiments includes elemental and compounds of Ti, Zn, Nb, Ru, 
Ta, oxides and nitrides on C or Si. Other targets like Cu, Ta, W, Au Atomic layer 
deposition (ALD) deposited oxides, nitrides and elemental targets on Si were also used. 
4.1.5 Detector and measurement 
 
Canberra Ultra LEGe detector GUL0110, detector with the performance range from 
few hundred electron volts to a few hundred kilo electron volts is used in this 
experiment. It has an area of 100mm2 and thickness of 10mm with the resolution of less 




Measurements were done with 950V reverse bias where an electric field extent across 
depleted region in P-I-N structured Germanium detector. When the x-ray from the 
sample interact with the depleted material of the detector, charge carriers are produced 
which are swept to electrodes under electric field. Energy received from the radiation 
is proportional to these charges. 
 
Canberra I-TRP model preamplifier converts the collected charge to voltage. This 
preamplifier, also called “Integrated Transistor Reset Preamplifier” eliminates long 
recovery time caused by illumination of FET and is suitable for applications with high 
count rate. Coaxial cables connect the preamplifier to the Canberra model 2026 
amplifier and Canberra high voltage power supply model 3106D. Linear amplifier is 
connected to Dual ADC model 7072 analog-to-digital converter, which is then 
connected to the multi-channel analyzer (MCA) and to the computer. Spectrum size 
was adjusted to 2048 channels in ADC and Gaussian pulse shaping with shaping time 
of 12 μs was used with a coarse gain of 100. 
 
Due to the low band gap of germanium, noise occurs caused by the thermal generation 
of charge carriers. In order to reduce the noise, detector was cooled with liquid nitrogen 
(LN2). A dewar vessel was filled 8 hours prior to the measurement to match with the 
cooling time. Measurements can be carried out for 2-3 days before the dewar had to be 
refilled. 
 
Absorbers like aluminum and mylar can be used to distinguish desired elements in a 
spectrum. These absorbers absorb low-energy bremsstrahlung x-rays from the 
secondary electrons. Funny filters can be used to avoid excess absorption of the 
characteristics x-rays from the light elements. These filters are absorbers with tiny hole 
at the center, the size of the hole is usually a few percent of the detector surface area 
(Nejedly, Campbell and Gama, 2004). Funny filters greatly reduce the intensity of the 
high cross-section x-rays from light elements and has zero effect on the less intense 
high energy x-rays. Absorber material of the filter absorbs light element x-rays and rest 
pass through the hole in the middle. (Roumié et al., 2005). 
In the experiment, a 12.5μm Cr funny filter absorber was used in the experimental 
setup. It was placed in front of the detector window between the detector and the sample 
to reduce the effect of iron and light element x-rays in the PIXE spectrum.  
 
4.1.6 Detector Efficiency 
 
The Ultra-LEGe retains the high-energy efficiency intrinsic to germanium detectors 
because of the high atomic number (Z) and thus covers a wider range of energies than 






Figure 11: Comparison of window transmission-Polymer vs Beryllium(Ultra-LEGe Detector Features) 
 
For the experiment, the detector was calibrated using 55Fe x-ray source and proton PIXE 
yield. The detector efficiency (𝜖) was taken as 1 for the experiment. 
 
 
(a)                                                                 (b) 
Figure 12: (a) Distance to Yield, (b) PIXE efficiency and window absorption((University of Helsinki), 2017) 
4.2 Experimental setup 
 
Figure 13 and figure 14 shows the experimental arrangements. The setup for the TOF-
ERDA in the University of Helsinki consists of an ion implanted energy detector and 
 
 







Figure 14: Schema of the ToF telescope detector.((University of Helsinki), 2017) 
two-timing gates. Figure 14 shows the detail schema of the measurement system. A 
thin diamond like carbon (DLC) film was fitted into the timing gates with the thickness 
ranging from 3.1 µg/cm2 and 9.0 µg/cm2 in the first and second gates, respectively. As 
the ions passes through the films, secondary electrons are emitted which gets multiplied 
at micro-channel-plates (MCP). These electrons are accelerated and directed to MCP 
with an electrostatic field. The anode signal generated by the collection of these 
electrons at anode is directed to a constant fraction discriminator. The signals from the 
timing gates were then directed to a time-to-digital converter. As the energy and depth 
resolution are important factors in the analysis of very thin samples, using thin DLC 
foils in the timing gates reduced the effect of straggling and multiple scattering to the 
energy resolution. Hence, comparing with the carbon foils, the timing and homogeneity 
was better controlled for DLC films(Mizohata, 2012). 
The equipment used for ERDA techniques fitted with special detectors allow the 
separation of different recoil species separated either by their mass or nuclear charge. 
This separation can be achieved by using different TOF and gas ionization detectors 
such as Bragg detector and various types of ∆E–E detectors. The detector angle was 
determined to be 40.0 ± 0.1◦ by comparing the yields of scattered and recoiled ions 
from thin sample films. Typically, the measurements were taken geometrically 
whereby both the incident and exit angles where equal to 20o to the sample surface. X-
ray detector was placed at an angle of 120o, 10o normal from the sample. 
4.3 Analysis and simulation codes 
 
The data obtained from the experiment were normalized and computed using R. 
Additionally, the channels from the data were converted to respective energy using R 
for plotting. Origin pro software was used for the plotting and further peak fitting of 
the graphs as well as plotting for the cross-section. All individual peaks were fitted, and 
area covered under the peaks were calculated using integration. POTKU software was 
used to calculate the scattering or recoil yields from the ERDA data. Finally, DOSBOX 
was used as an emulator to run the ISICS code to calculate the theoretical cross-section 
to be compared with the experimental x-ray production cross-section. 
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5 Results and Discussion 
5.1 Measurement 
5.1.1 Peak Area 
 
Peaks obtained from the x-ray data were fitted and plotted using origin pro. Area for 
the individual peaks were calculated using integration and individual alpha and beta 
peaks were summed according to the target elements. Area of K-alpha and K-beta peaks 
were obtained for the lighter elements, whereas L-alpha and L-beta peaks were obtained 
for the heavier elements. Some background peaks were also obtained during the 
experiments. The Ka intensity for Nb and Ru were measured only at highest energy as 
the lower cross-section makes the background subtraction on the Kb line more critical. 
Figure 15 shows the energy to counts plot for the 40MeV 126.9I beam on WN sample. 
In the figure 15, the L-alpha and L-beta peaks of the Tungsten(W), were formed at 
approximately 8keV and 9keV respectively, which was in the range of theoretical 
values 8.398keV and 9.672keV. Area of the overlapped peaks were combined to get 
the total area. Error in the area was calculate as the square root of the calculated area. 
 
 
Figure 15: Peaks for 40MeV 126.9I on WN 
Due to peak energy shifts and broadening, the La line of W has been integrated at all 
energies and similar procedure for the other L lines along with a complete fitting of the 
corresponding energy regions. A global statistical error of about ±5% for Ti, Cu, Zn, 




5.1.2 ERDA yields 
 
Along with the x-ray data, ERDA were also calculated simultaneously. The collected 
raw ERDA data were analyzed using POTKU software. Settings were configured 




Figure 16: Cuts for 40MeV 126.9I7+ on Ta2O5 
Figure 16 shows the cuts for individual elements during the bombardment of 40MeV 
iodine beam on the Ta2O5 sample. All of these cuts were saved, and individual cuts 
were analyzed and recorded to be used as recoil or scattering yields depending on the 
element is heavy or light respectively. Ta recoils were calculated using equation 18 
from the analyzed cut data for the figure 16. 
 
5.1.3 X-ray production cross sections measurements 
 
The measured x-ray yields from peak area and ERDA yields were used to calculate the 
x-ray production cross-section using equation 17. For 15MeV, I4+ cross-section was 
calculated using equation 16, where the cross-section was independent of ERDA yields 
but depends on the thickness of the sample. Appendix D shows the tables for the 
measured and calculated values.  
An experimental uncertainty of ±8% was estimated for ERDA yields. The relative 
uncertainty in the measured cross-section is ±6%. In case where the Iodine energy 
beam is heavier than the target the scattering angle is not 40o. So, the ratio of the 
scattered differential cross-section to the recoil differential cross-section was calculated 





5.1.4 Foil thickness effect 
 
Different yields value was tested with different composition sample with iodine energy 
beam ranging from 15MeV to 45MeV. The result for difference in the yield was 
minimal. Figure 17 shows the sample foil composition effect. 
 
Figure 17: Ratio of yields for elements with different composition 
 
5.2 Comparison between theory and experiment 
 
The experimental results were compared with theoretical calculations of X-ray 
production cross-section calculated from ISICS11. Using DOSBox emulator, beam 
energy along with projectile and targets atoms were given to the ISICS11 software to 
get the theoretical X-ray production cross-section. 
 
5.2.1 Recoil cross-section  
 
Differential cross-section for recoils were calculated and used to calculate the x-ray 
production cross-section. In figures 18-21, the experimental data of production cross-
section for Au, Cu, Nb, Ru, Ta, Ti, W and Zn in dependence of the bombarding energy 
in the range of 15-45MeV/u 126.9I beam are given.  
In the comparison in figure 18, it was observed that the experimental data is not in full 
agreement with the theoretical predictions from PWBA and ECPSSR model. It was 
seen that for the elements Cu, Zn, Ru, Ti, Nb lighter than projectile beam, experimental 
x-ray cross-section were closed to ECPSSR-UA data where as for the heavier elements 
Ta, W and Au the experimental data lies in between but close to ECPSSR-UA data. 
This shows that some of the errors are not negligible in the measurement. The errors 
such as ion energy resolution, measurement spectral determination of the X-ray yield 
and beam current stability, number density of the thin film measurement, x-ray detector 
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efficiency, the reference data and so on. However, a pattern seems to be that for 
elements with higher Z than projectile the measured data are much closer to the 
ECPSSR prediction than elements with lower Z than the projectile. The significantly 
larger data for heavier elements than ECPSSR predictions was expected as ECPSSR 






Figure 18: X-ray production cross-section with a) 196.97Au and b)63.546Cu target elements in dependence of 












Figure 19: X-ray production cross-section with a) 92.906Nb and b) 101.07Ru target elements in dependence of 
the bombardment energy 
From these figures we can speculate, three different processes in the projectile 
interaction with atoms having lower-Z (Ti, Cu, Zn), medium-Z (Nb, Ru) and higher-Z 
(Au, W, Ta) materials, respectively. The iodine ions fully interact with the electrons in 
all shells of the lower-Z materials and due to much energy remaining, is little deflected 




interacts with the electrons in some shells and lose most of its energy but being farther 
away from the nucleus gets mildly deflected. While for the materials with medium-Z, 
the ion fully interacts with the all electron shells to lose its most of energy at the most 
inner shell and is then strongly deflected due to a high closeness to the nucleus. Hence, 
in the case of medium-Z, simultaneous occurrence of high energy loss and strong 
deflection leads to strong perturbation to the target atom. Whereas, the ion deflection is 
weak or mild in case of higher-Z and lower-Z. Due to which the less energy is lost by 
the ion during the interaction with lower-Z and no interaction of ions occurs with the 
very inner electrons for the materials with higher-Z to cause lower perturbation. 
Therefore, for the cases of lower-Z and higher-Z cases, the simpler PWBA theory might 
be enough to describe the process, whereas for the medium-Z case, the ECPSSR could 
better describe the process.  
However, in figures 18(b), 19(a), 19(b), 20(b), 21(b) targets elements with lower-Z than 
the projectiles have cross-section values reasonably lower than ECPSSR-UA theory 
whereas, in figures 18(a), 20(a), 21(a) the target elements with higher-Z than the 











Figure 20: X-ray production cross-section with a) 180.95Ta and b)47.867Ti target elements in dependence of the 











Figure 21: X-ray production cross-section with a) 183.84W and b)65.38Zn target elements in dependence of the 
bombardment energy 
For Ta, Au and W at higher energy even the basic ECPSSR theories give similar 
agreement with the experiment as by ECPSSR-UA as shown in figure 22(a)-22(b). The 
serious discrepancies were found particularly in the low energy range (15-30MeV) 
between the theoretical predictions and the existing data for the L-subshell ionization 
by heavier ions, which perturb the initial electronic state much stronger. The fact that 
the theoretical approaches neglect the coupling effects and treat the L-subshells 
independently, is the main reason for observed discrepancies between the theoretical 
predictions and the experimental data. The L-subshell ionization cross-section for 
heavy ions is substantially modified due to possible vacancy transfer between the 










Figure 22: L-shell X-ray production cross-section with a) 196.97Au and b)180.95Ta target elements in 
dependence of the bombardment energy with ECPSSR and ECPSSR-UA data 
 
5.2.2 Comparison against reduced velocity parameters 
 
 
The reduced velocity parameters for corresponding Li subshell as adopted in ECPSSR 






          (24) 
 
where,  𝑣Y is the projectile velocity, n is the principal quantum number of the L-shell 
electron (n = 2), 𝑍3N = 𝑍 − 4.15 is the effective nuclear charge of the target seen by 





 is the 
scaled binding energy, 𝑈N and 𝑅? are the observed binding energy for Li subshell and 
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Figure 23: Average reduced velocity to ratio of experimental and ECPSSR cross-section production 
Figure 23 shows the ratio between experimental and theoretical predictions for L, cross-
section as a function of the logarithm of average reduced L-shell velocity parameter 𝜉N. 
It can be seen that there is satisfactory agreement between the experimental L𝛼 X-ray 








Figure 24: Average reduced velocity to experimental cross-section production (a) Heavier than projectiles   
 (b) Lighter than projectiles 
 
Figure 24, presents the logarithm of average velocity parameter to experimental x-ray 
production cross-section against the target elements heavier (a) than and lighter (b) than 




5.2.3 Scattered cross-section 
 
Along with the differential cross-section for recoil elements, differential cross-section 
for scattered iodine was also calculated for heavy target elements. Figure 22 shows the 
comparison of the experimental data and theoretical calculations of x-ray production 





Figure 25: X-ray production cross-section for scattered iodine 
 
6 Conclusion and outlook 
 
Backscattered ions technique though is the origin of ion backscattering spectrometry 
and analytical technique like Particle induced X-ray Emission (PIXE) which is based 
on characteristics X-rays emission, moreover when high energy heavy ions are used as 
projectiles, various results were observed. The modern accelerator used made it feasible 
for the production of these high energy iodine ions. As the mass of the projectile was 
bigger, larger value of the ionization cross-section was obtained. As Iodine ions can 
penetrate more deeply in the target more precise and detail measurement of the sample 
were made. 
ERDA data were also collected along with the X-ray data, which were further used to 
calculate the thickness of the target material in the sample used. Thus, obtained 
thickness were used to calculate the X-ray production cross-section for 15MeV iodine 
beam energy. Besides, thickness recoil and scattering yields were measured using 
POTKU software. In addition to the X-ray production cross-section, differential recoil 
cross-section and differential scattering cross-section were also calculated. 
Thus, obtained X-ray production cross-sections were compared with the data obtained 
from PWBA, ECPSSR and ECPSSR-UA using the ISICS11 software. The 
experimental data showed significant discrepancies with the theoretical data. However, 
in making the comparisons, the fact that semi-empirical values for fluorescence and 
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Coster-Kronig yields of Krause (Krause, 1979), have reported uncertainties of 5 to 20% 
adopted in the conversion from the theoretical ECPSSR ionization cross-section to the 
X-ray production cross-section. 
Furthermore, as a final test of goodness of the theories a comparison of the reduced 
velocity against the ratio of the experimental to theoretical x-ray production cross-
section was computed.  
Hence, extensive theoretical studies in the direction to include intra-shell coupling and 
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p11<-ggplot(data=tx3183tn, aes(x=tx3183tn$X0 , 
y=tx3183tn$X0.1))+scale_y_log10()+geom_line(size=0.1)+ xlab("Energy [keV]") + 
ylab("Counts")+ scale_x_continuous(limits = c(0, NA), expand = c(0,0)) 
p11 
Xlabel<-tx3183tn$X0 
Elabel<-(7.59/10^3) * Xlabel + 9.24/10^3 
p11<-ggplot(data=tx3183tn, aes(x=Elabel , 
y=tx3183tn$X0.1))+scale_y_log10()+geom_line(size=0.1)+ xlab("Energy [keV]") + 








plot(tx3183tn$X0, log10(tx3183tn$X0.1), type = "l") 
 
       
while True: 
    num1 = float(input("Give Z: ")) 
    num2 = float(input("Give E: ")) 
 
    print("Differential cross-section is: ", 265.2872243 * (num1/num2) * (num1/num2)) 
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